ABSTRACT. The DNA-binding one zinc finger (Dof) family is a classic plant-specific zinc-finger transcription factor family, which is involved in many important processes, including seed maturation and germination, plant growth and development, and light responses. Investigation of the Medicago truncatula genome revealed 42 putative Dof genes, each of which holds one Dof domain. These genes were classified into four groups based on phylogenetic analysis, which are similar to the groups reported for Arabidopsis and rice. Based on genome duplication analysis, it was found that the MtDof genes were distributed on all chromosomes and had expanded through tandem gene duplication and segmental duplication events. Two main duplication regions were identified, one from tandem duplication and another from segmental duplication. By analyzing high-throughput sequencing data from M. truncatula, we found that most of the MtDof genes showed specific expression patterns in different tissues. According to cis-regulatory element analysis, these MtDof genes are regulated by different cis-acting motifs, which are important for the functional divergence of the MtDof genes in different processes. Thus, using genome-wide identification, evolution, and expression pattern analysis of the Dof genes in M. truncatula, our study provides valuable information for understanding the potential function of the Dof genes in regulating the growth and development of M. truncatula.
INTRODUCTION
The DNA-binding one zinc finger (Dof) transcription factor (TF) family is a group of plant-specific TFs, which belong to the class of zinc finger domains. The Dof DNAbinding domain is usually located close to the N-terminal region of the Dof protein and is characterized by a binding domain of 52 amino acid residues that is structured as a Cys2Cys2 zinc finger, which binds specifically to DNA sequences with a core recognition site 5'-T/ AAAAG-3' (Noguero et al., 2013) . Since the first Dof gene, ZmDof1, was isolated from maize (Yanagisawa and Izui, 1993) , a large number of Dof genes have been identified from various plant species, but no Dof genes have been isolated from other eukaryotes, such as yeast, Drosophila, or humans (Noguero et al., 2013) . In plant species, Dof genes appear to be more recent in origin than other TFs in plants, there are few members in the plant genome, and the number of Dof genes shows little diversity among different plant species. For example, there are 36 members in Arabidopsis (Lijavetzky et al., 2003) , 30 in rice (Lijavetzky et al., 2003) , 28 in sorghum (Kushwaha et al., 2011) , 27 in Brachypodium (Hernando-Amado et al., 2012) , 34 in tomato (Cai et al., 2013) , 21 in castor bean (Jin et al., 2014) , and 78 in soybean (Guo and Qiu, 2013) . Dof TFs have been reported to have a great diversity of functions and participate in many plant-specific metabolism or regulation processes, such as light regulation, seed germination, plant growth and development, and response to stress. The first Dof gene identified was from maize, ZmDof1, and it acts as a transcriptional activator of light-regulated physiological process (Yanagisawa and Izui, 1993) . In Arabidopsis, a number of Dof genes have been found to participate as transcriptional regulators in light regulation processes. For example, CDF1, CDF2, and CDF3 are all found to be involved in the photoperiodic control of flowering by repressing the CONSTANS gene (Imaizumi and Kay, 2006) , while the three Dof genes HPPBF3, COG1, and OBP3 also participate in light regulation processes mediated by phytochromes A and B and cryptochrome 4. Other Dof genes from Arabidopsis are associated with seed germination, including DAG1, DAG2, and AtDof6 (Gabriele et al., 2010) , while OsDof3 plays a similar role in the seed germination process in rice (Washio, 2003) . In cereal seeds, most Dof genes are expressed during both seed germination and maturation, recognizing the 5'-TGTAAAG-3' motif, and are termed Prolamin-box binding factors (PBF). These Dof genes have a high degree of sequence similarity to other Dof genes, including ZmPBF from maize (Schneidereit et al., 2008) , OsPBF from rice (Yamamoto et al., 2006) , WPBF from wheat (Mena et al., 1998; Dong et al., 2007) , BPBF from barley (Mena et al., 1998) , and FMPBF from finger millet . These genes have similar expression profiles with similar functions in the development of the endosperm during the seed-filling phase. Furthermore, several Dof genes are induced by environmental stimuli and they are important modulators of plant responses to biotic and abiotic stress. OBP2 is induced by infection with Spodoptera littoralis and it regulates accumulation of indole glucosinolate to counteract stress (Skirycz et al., 2006) . Two Dof genes from wheat are significantly upregulated under drought stress, indicating that they may be involved in drought adaptation (Shaw et al., 2009 ). In addition, Dof genes are involved in physical interactions with other TFs such as bZIP, MYB, and WKRY; therefore, they have been implicated in the regulation of plant physiological processes (Diaz et al., 2005) .
Medicago truncatula is an excellent legume model plant because of its small, diploid genome, short life cycle, self-fertility, and high genetic transformation efficiency (Young et al., 2011) . Although Dof genes have been characterized in other species of plants, their functions are poorly understood in M. truncatula. In this study, we identified the Dof gene family in M. truncatula, as well as the characteristics of gene structures, phylogenetic relationships, chromosomal locations, expression patterns of conserved motifs, and promoter analysis of Dof genes in M. truncatula.
MATERIAL AND METHODS

Identification and classification of Dof genes in Medicago truncatula
M. truncatula genome and protein sequences were downloaded from the JCVI website (M. truncatula Genome Project v4.0, http://www.jcvi.org/medicago/) (Young et al., 2011) . The Dof sequences of Arabidopsis and rice were downloaded from the Arabidopsis Information Resource website (http://www.arabidopsis.org/, v9; Lamesch et al., 2012) and the Rice Genome Annotation Project website (http://rice.plantbiology.msu.edu/, v5; Kawahara et al., 2013), respectively, as described by Guo and Qiu (2013) , and then these sequences were blasted (Altschul et al., 1990 ) against the M. truncatula genome with expected values ≤1E -5 . All hits were retrieved and searched using the Hidden Markov Model profile of the Dof domain (PF002701), which was downloaded from the Pfam website (pfam.sanger. ac.uk) (Finn et al., 2011 (Finn et al., , 2014 . The Dof genes were confirmed by the presence of the Dof domain, and all the putative Dof proteins were aligned to Arabidopsis and rice Dof proteins for classification into different groups. Furthermore, all the annotation information of putative Dof genes was retrieved from the M. truncatula genome website, and the numbers and distributions of introns in Dof genes were investigated using M. truncatula genome annotation information.
Phylogenetic analysis of the Dof genes
All the candidate Dof protein sequences were aligned using ClustalW with default parameters (Thompson et al., 2002) , and phylogenetic trees of all MtDof proteins were generated using MEGA (v4.0) with the neighbor-joining method using the following parameters: Poisson correction, pairwise deletion, and bootstrap (1000 replicates) (Tamura et al., 2007) .
Analysis of conserved motifs in Dof proteins
All MtDof protein sequences were analyzed using the Multiple EM for Motif Elicitation (MEME) v4.8.1 software package (Bailey et al., 2006 ). An MEME search was performed using the following parameters: 1) optimum motif width was set to ≥6 and ≤200, 2) the maximum number of motifs was set to identify 30 motifs, 3) occurrences of a single motif are distributed among the sequences with model: zero or one per sequence (-mod zoops). The MEME motifs were annotated using the Pfam database.
Chromosomal locations and gene duplication of the Dof genes
The relative sequences of the Dof genes (genomic sequences, CDS sequences) were collated from the M. truncatula genome database. The Dof genes were blasted against each other to identify gene duplication, of which the similarity of the aligned regions was more than 85%. Meanwhile, the position information of all these Dof genes was investigated to draw their chromosome location images in M. truncatula, and the duplicated genes between different chromosomes were linked with colored lines. This plot was created using the Circos software (http://circos.ca/; Krzywinski et al., 2009) .
In silico expression analysis of the Dof genes from M. truncatula
Genome-wide transcriptome data from different development tissues of M. truncatula generated using high-throughput sequencing were downloaded from the NCBI database (http://www.ncbi.nlm.nih.gov, Accession No.: SRX099057-SRX099062). The transcriptome data included six tissue types: root, nodule, blade, bud, seedpod, and flower, and the details were shown as introduction of experiment data. All the transcriptome data were analyzed and clustered in Matlab (R2012a) using the Bioinformatics Toolbox.
Cis-regulatory element analysis
For promoter analysis, 1000-bp sequences upstream from translational start sites (TSS) of the putative Dof genes were retrieved from the M. truncatula genome. These sequences were then subjected to a search in the PLACE database (http://www.dna.affrc.go.jp/ PLACE/signalscan.html; Higo et al., 1999) to identify cis-regulatory elements, and those motifs with clearly more than 200 copies were collected for annotation analysis.
RESULTS
Identification and classification of the Dof genes in M. truncatula
To identify the full complement of the Dof genes in M. truncatula, the Dof genes from Arabidopsis and rice were used to perform a BLASTp search against the M. truncatula genome, and 43 proteins were identified as predicted Dof genes. To confirm our results, the Dof domain (PF002701) was employed to search against these predicted Dof genes, and all predicted Dof genes containing a typical Dof domain in the N-terminal region, except Medtr5g011660, were verified as Dof TF genes. According to their locations on the chromosomes, these deduced Dof genes were named MtDof1 through MtDof42, as shown in Table 1 . The amino acid sequence lengths of MtDofs varied from 112 to 495 amino acids, and more than half of the MtDof genes contained no or only one intron by investigation of intron numbers.
Phylogenetic analysis of the Dof genes in M. truncatula
Using homology searches against Arabidopsis and rice Dof genes, MtDof TF were divided into four groups, as shown in Table 1 . To determine the phylogenetic relationships of MtDof genes in detail, a phylogenetic tree was constructed based on the alignment of full length sequences of MtDof proteins. The phylogenetic tree confirmed that most MtDof TFs were classified into four groups, termed major clusters of orthologous groups (MCOG) A, B, C, and D, shown in Figure 1 , and just three MtDof TFs (MtDof6, MtDof13, and MtDof41) were not correctly classified. There were eight members in MCOG A, 13 members in MCOG B, 7 members in MCOG C, 13 members in MCOG D, and only MtDof13 was not classified into any group. 
Analysis of conserved motifs in Dof domain proteins
A total of 42 Dof genes from M. truncatula were further analyzed to identify conserved motifs shared among related proteins, and a total of 30 conserved motifs, named motif 1 to 30, were identified (Figure 2 ). Among these, the conserved motif encoding the Dof domain (Motif 1) was found in all of MtDof genes and was the most conserved motif in all the MtDof proteins. From the MEME results, we found that most of the closely related members in the phylogenetic tree had common motif compositions. MCOG A had two conserved motifs (motif 8 and 12), MCOG B and C had four similar motifs (motifs 14, 15, 29, and 30), while MCOG D had nine motifs (3, 4, 5, 6, 7, 11, 19, 21, and 22) , and most of these were characteristic of MCOG D. The results of this motif analysis confirm that the Dof domain was conserved during the evolution of MtDof genes. Nevertheless, diversions of other motifs promoted differentiation of the Dof genes and the differences in motif distribution in different groups of the MtDof genes are sources of functional divergence in the MtDof genes.
Chromosomal locations and duplication of the Dof genes in M. truncatula
The physical locations of the MtDof genes on M. truncatula chromosomes are displayed in Figure 3 . In M. truncatula, the MtDof genes are distributed across the chromosomes and each chromosome holds some MtDof genes, ranging in number from three to eight. However, the MtDof genes are not randomly distributed on each chromosome; there are a number of gene clusters or gene hot regions on the chromosomes. For example, chromosome 5 has four MtDof genes in a short chromosome region (~45 kb), and chromosome 2 shows a similar gene cluster. In addition, using gene duplication analysis, we found 11 pairs of gene duplications, which arose from tandem duplications and segment duplications. Tandem duplications have resulted in MtDof gene clusters or hot regions, e.g., the MtDof cluster on chromosome 5, while segment duplication has resulted in many homologies of the MtDof genes between chromosomes, which have expanded the MtDof gene groups. For example, MtDof1, 4, 9, and 35 in the MCOG A are a product of genome segment duplication. 
Expression patterns analysis of the MtDof genes
Since the employment of high-throughput sequencing technology to determine gene sequences and conduct expression analysis, large quantities of sequence data have been deposited in NCBI. We downloaded M. truncatula transcriptome sequencing data for different development tissues, and from this, we collected all the MtDof gene expression data. Based on their expression patterns, the MtDof genes clustered into six groups, shown in Figure 4 . Cluster A included 13 MtDof genes, most of them members of MCOG D, and they were expressed in nodules, blades, and buds. Clusters B, D, and F included 15 members in total, which were mainly from MCOG B and these genes were highly expressed in buds, seedpods, and flowers. Cluster C consisted of seven MtDof genes from MCOG A, three of them were highly expressed in roots, and the other four genes (MtDof1, 4, 9, and 35) were not expressed in any tissue. The final cluster, E, consisted of seven Dof genes, which were mainly members of MCOG C and had broad expression patterns, being expressed in roots, buds, seedpods, and flowers, although their expression levels were not high. 
Cis-regulatory element analysis of the MtDof genes
The 1000 bp sequences located upstream from the TSS of the MtDof genes were submitted to the PLACE website to identify putative cis-elements, and in total 220 motifs were identified from the TSS sequences, and those motifs with more than 200 copies were selected for further analysis ( Table 2 ). The most abundant motif was the Dof binding site (DOFCOREZM, 754 copies), ranging from 9 to 35 copies in each MtDof gene. Other motifs, including some related to tissue development (ROOTMOTIFTAPOX1, POLLEN1LELAT52, CACTFTPPCA1, GTGANTG10, and CAATBOX1), some responsive to light (TATABOX5, GT1CONSENSUS, and GATABOX), and other TF-binding motifs (MYCCONSENSUSAT, WRKY71OS, ARR1AT, and EBOXBNNAPA), were also overrepresented in the promoter regions of the MtDof genes (details are shown in Table  S1 ). S000028  CAATBOX1  CAAT  532  S000039  GATABOX  GATA  356  S000098  ROOTMOTIFTAPOX1  ATATT  383  S000144  EBOXBNNAPA  CANNTG  320  S000198  GT1CONSENSUS  GRWAAW  475  S000203  TATABOX5  TTATTT  225  S000245  POLLEN1LELAT52  AGAAA  313  S000265  DOFCOREZM  AAAG  754  S000378  GTGANTG10  GTGA  317  S000407  MYCCONSENSUSAT  CANNTG  320  S000447  WRKY71OS  TGAC  261  S000449  CACTFTPPCA1  YACT  683  S000454 ARR1AT NGATT 424 
DISCUSSION
In the present study, using comparative genomic and phylogenetic analysis, 42 MtDof genes were identified from M. truncatula, and these were classified into four groups, which is consistent with reports for other species, such as Arabidopsis and rice (Lijavetzky et al., 2003) , and Brachypodium (Hernando-Amado et al., 2012) . However, the number of MtDof genes belonging to the MCOG B group (13 MtDof genes) was slightly more than previously reported. In addition, all of the MtDof genes identified in the current study contained very few introns (most of them included no or only one intron; 88%, 37/42), which is similar to the discoveries in Arabidopsis and rice. Possessing fewer introns is thought to make MtDof genes more sensitive to transcriptional regulation, which facilitates a plant strong ability to adapt to diverse development processes and environmental stimuli (Jin et al., 2014) .
The phylogenetic tree and conservation domain analysis showed that MtDof genes in the same group share similar motifs, and these conserved motifs play important roles in group specific functions. MtDof genes with similar motif compositions are likely to have emerged by gene duplication, including tandem duplications and segment duplications. For example, MtDof25, 26, 27 , and 28 form a cluster of MtDof genes resulting from tandem duplications of a common ancestor MtDof gene and four genes containing similar motif compositions. These four genes were all classified into MCOG D, and furthermore, they had similar expression profiles in different tissues. Similarly, MtDof1, 4, 9, and 35 are the result of segment duplication events, but they are distributed on different chromosomes.
In addition to conservation motifs in proteins, promoter sequences have also played crucial roles in determining the divergence of MtDof gene functions. The results of the ciselements analysis confirmed that the functional diversities of the MtDof genes are mainly involved in tissue development, response to environmental stress, and interactions with other TFs. For example, motifs related to tissue development, including CAATBOX1 related to tissue-specific promoter activity (Shirsat et al., 1989) , ROOTMOTIFTAPOX1 related to root development (Elmayan and Tepfer, 1995) , POLLEN1LELAT52 and GTGANTG10 related to flower development (Rogers et al., 2001; Filichkin et al., 2004) , and CACTFTPPCA1 related to leaf development (Gowik et al., 2004) , were extensively present in the MtDof genes, and thus, most of these were highly expressed in roots, blades, buds, flowers, and seedpods. In addition, light responsive elements were also identified, such as GT1CONSENSUS (Terzaghi and Cashmore, 1995) , and these were widely represented in the MtDof genes.
Meanwhile, transcriptome analysis showed that most of the MtDof genes were widely expressed in different tissues, indicating that they may be involved in diverse physiological functions, confirming the functional divergence of the MtDof genes. It was notable that four MtDof genes, MtDof1, 4, 9, and 35, were not expressed in any tissues. These MtDof genes are very similar to each other and they were duplicated from one locus and translocated onto different chromosomes by segment duplication, shown in Figure 3 . These genes appeared to expand the MCOG A group; however, these genes are actually pseudogenes and they were not expressed in any of the six tissues analyzed, but they may be induced by other conditions not assessed in this study.
Considering the complexity of transcriptional regulation, TFs also control each other to perform more exact regulation. In previous reports, the Dof domain was known as a bifunctional domain, which was mediated not only by DNA-bindings but also by protein-protein physical interactions (Zhang et al., 1995) . From promoter analysis, we identified a number of TF binding sites in promoters of the MtDof genes, including DOFCOREZM, MYCCON-SENSUSAT, WRKY71OS, ARR1AT, and EBOXBNNAPA. All the MtDof genes identified contained more than nine copies of DOFCOREZM elements, indicating that regulation by themselves was crucial for the execution of their functions (Yanagisawa and Schmidt, 1999) . In addition, discovery of other TF-binding sites suggests that MtDof genes may be induced by those TFs, which mediate the response of the MtDof genes to other processes. For example, the ARR1AT element has been shown to precipitate the response of MtDof genes to auxin (Kim et al., 2010) , while binding sites of the TF WRKY allow the MtDof genes to participate in responses to biotic stress or salicylic acid treatment, as described by Jin et al. (2014) .
In summary, we identified 42 MtDof genes in M. truncatula, which were classified into four groups, consistent with previous studies. The classification, evolution, expression profiles, and promoters of these MtDof genes were investigated, and the results showed that the MtDof genes participate in regulation of plant tissue development processes. The information from this investigation will be useful for MtDof gene identification and characterization. However, further functional analyses of these genes will be needed to explore their biological roles in M. truncatula.
